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The enormous complexity of the
mimivirus genome — for a virus —
makes its origin and evolutionary
history particularly intriguing.
Raoult et al. [3] propose two non-
trivial hypotheses: that mimivirus
evolved by genome degradation
from an even more complex entity
which encoded, among other
systems, a nearly complete
translation machinery; and that the
mimivirus lineage diverged from
other cellular life forms very early
in evolution, perhaps before the
divergence of bacteria, archaea,
and eukaryotes (this is inferred
from the topology of a multigene
tree in which the mimivirus branch
does not show clear affinity to any
of the cellular lineages). 
I believe that neither of these
suggestions is supported by the
results of mimivirus genome
analysis. On the contrary, a
number of observations suggest
that the vast gene repertoire of
the mimivirus evolved by
piecemeal accretion of genes on
top of the ancestral NCLDV core.
These are: the way that the
mimivirus shares the core set of
genes with the other NCLDVs; the
different (eukaryotic and bacterial)
evolutionary affinities of the non-
viral genes in the mimivirus
genome; and the presence of
many paralogous gene families.
The ancestors of mimivirus
apparently derived genes from the
eukaryotic hosts, endosymbiotic
bacteria and, possibly, other
viruses. The mimivirus genome
further grew through extensive
gene duplication. Mimivirus
genome inflation might have been
driven by evolutionary processes
similar to those that shaped the
increased genomic complexity of
cellular life forms [11,12].
Virus–host interactions in Protozoa
might have resulted in the virus
population having a low effective
size, weakening purifying selection
and increasing the likelihood of
acquisition of foreign genes and
fixation of gene duplications. 
The topology of the multigene
tree is not a strong argument for
the mimivirus lineage having an
ancient origin, given the propensity
of viral genes for fast evolution. On
the contrary, the unique
combination of about 30 conserved
NCLDV genes is not seen outside
eukaryotic viruses. It is therefore
unlikely that the NCLDVs are older
than eukaryotes, and the mimivirus
lineage should have diverged from
the common ancestor with other
viruses even later. It is a distinct
possibility, however, that the
NCLDV ancestor existed at a very
early stage of eukaryotic evolution,
before the radiation of the major
lineages of eukaryotes.
Even if the most radical ideas
on mimivirus evolution are poorly
compatible with the data, the
discovery [2] and genome
sequencing [3] of this virus open a
new chapter in virus genomics.
The conservation of the NCLDV
gene core and the accretion of a
huge number of additional genes
attest to the incredible plasticity
of viral genomes. For all its
gigantic dimensions and unusual
gene repertoire, the mimivirus is a
bona fide virus, which depends on
the host cell for translation of its
proteins and for energy, and has a
typical capsid, proving that the
difference between viruses and
cells is indeed one in kind not just
in degree. It remains to be seen
whether or not the mimivirus is a
true record-holder among viruses
(unlikely) and how common are
such giant viruses in unicellular
eukaryotes (there could be scores
of them).
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It is generally accepted that
‘polytopic’ membrane proteins —
the polypeptide chains of which
cross the membrane multiple
times — are integrated at the
classical Sec61-based
endoplasmic reticulum (ER)
translocon [1], but the
mechanism by which the
translocon deals with multiple
transmembrane domains is less
clear. Two models have been
proposed to describe this
process. One is the ‘en bloc’
model, in which all the
Polytopic Proteins: Preventing
Aggregation in the Membrane
It has been proposed that the aggregation of nascent transmembrane
segments of polytopic proteins is prevented by chaperones present in
the endoplasmic reticulum membrane; now the first experimental
support for this proposal has been reported.
transmembrane domains are
proposed to accumulate within
the ER translocon before being
simultaneously released into the
lipid bilayer. The second,
‘sequential’ model involves the
transmembrane domains exiting
the translocon individually during
the biosynthesis of the
protein [1]. 
The recently reported [2,3] high-
resolution structure of an
archaebacterial Sec61 complex
reveals previously unappreciated
size constraints that favour the
sequential model. This raises the
question of how the individual
nascent transmembrane domains
are prevented from
misassembling and/or
aggregating with one another
once they leave the ER
translocon. There have been
several proposals that ‘membrane
chaperones’ may act to prevent
such non-productive associations
[1,4,5], and in prokaryotes YidC
has been shown to play a
chaperone-like role during the
folding of the polytopic lactose
permease, LacY [6]. But direct
evidence for the existence of such
membrane chaperones in
eukaryotes has not been obtained
to date [1,4,5]. This has now been
rectified by a recent paper [7] that
has provided compelling
experimental evidence for the
existence of several chaperones
in the ER membrane, the role of
which is to prevent the
aggregation of the
transmembrane domains within
newly synthesised polytopic
proteins. 
Many of the polytopic proteins
synthesised at the ER are
destined for post-ER locations up
to, and including, the plasma
membrane. In most cases,
polytopic proteins that fail to
assemble correctly are retained
within the ER and ultimately
degraded via the ER associated
degradation (ERAD) pathway [8].
Shr3p was first identified by a
genetic screen in the yeast
Saccharomyces cerevisiae, and
was shown to be an integral
membrane protein required for
ER exit of amino-acid permeases
destined for the plasma
membrane [9]. The requirement
for Shr3p was specific for amino-
acid permeases, as other
polytopic protein cargoes did not
require this ER component to
reach their final destination
[9,10]. Furthermore, it was shown
that Shr3p does not itself leave
the ER and is excluded from
transport vesicles budding from
the ER membrane [10]. Nor is
Shr3p required for the authentic
membrane insertion of the
transmembrane domains of
amino-acid permeases, which
integrate into the ER membrane
in the correct orientation
independently of this
component
It was initially proposed that
Shr3p mediates the packaging of
amino-acid permeases into ER-
derived, COPII-coated transport
vesicles, acting as a ‘packaging
chaperone’ [10,11]. But it has now
been shown that Shr3p is more
likely to act as a ‘mismatch’
chaperone [7], preventing
inappropriate associations
between transmembrane domains
while they are present in the ER
membrane [12].
Kota and Ljungdahl [7] have
now shown that it is the
membrane domain of Shr3p that
is required for its function in
enabling correctly folded amino-
acid permeases to undergo
vesicular transport, and its
carboxy-terminal hydrophilic
region is dispensable for this
function. Under normal
circumstances, a model amino-
acid permease was found to be
exclusively monomeric after its
biosynthesis. In contrast, when
the same amino-acid permease
was analysed in mutant cells
lacking Shr3p, a significant
proportion of the amino-acid
permease was present in high
molecular weight products upon
covalent cross-linking, suggesting
that the function of Shr3p is to
prevent the inappropriate
assembly and/or aggregation of
this family of polytopic proteins
(Figure 1) [7].
Consistent with this conclusion,
Kota and Ljungdahl [7] were able
to show, using native gel
electrophoresis, that their model
amino-acid permease formed high
molecular weight complexes in
the absence of Shr3p. The
aggregation of amino-acid
permeases in the ER was not
simply a consequence of a failure
to be transported out of this
compartment, as when ER to
Golgi transport was prevented
using a sec12 mutant yeast strain,
no amino-acid permease
aggregation ensued unless Shr3p
function was simultaneously
disrupted [7].
While it is clear that Shr3p’s
function is restricted to a specific
group of polytopic amino-acid
permeases, other polytopic
proteins have unique cognate
membrane chaperones that
appear to perform the equivalent
function. Three other ER
membrane proteins were shown
to mimic the role of Shr3p in the
case of different polytopic
proteins — hexose transporters,
phosphate transporters and
chitin synthase III [7]. 
It thus seems likely that many
distinct polytopic proteins may
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Figure 1. A model for Shr3p
action.
After co-translational
integration and lateral exit
from the ER translocon, the
transmembrane segments of
a polytopic amino-acid per-
mease normally associate
with the membrane chaper-
one Shr3p (S). This facili-
tates the correct folding and
assembly of the protein
allowing it to exit the ER on
route to the plasma mem-
brane. Failure to associate
with Shr3p results in the
incorrect folding/aggrega-
tion of the newly made
amino-acid permease, causing it to be retained in the ER and ultimately degraded via the
ERAD pathway. Other polytopic membrane proteins may recruit alternative cognate chap-
erones to facilitate their folding and assembly.
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prove to have cognate membrane
chaperones that facilitate their
folding/assembly and prevent
their aggregation in the ER. This
view is supported by evidence
suggesting that calnexin may act
as a ‘membrane chaperone’
during the folding and
assembly of the polytopic
proteolipid protein, in this case
specifically recognising misfolded
or misassembled
transmembrane domains [13]. 
In other cases, specialised ER
components may actively
promote the export of polytopic
proteins from the ER as originally
suggested for Shr3p [10,11]. For
example, the ER membrane
component DRiP78 regulates the
export of the dopamine D1
receptor [14], while a 39 kDa
receptor-associated protein
facilitates the passage of various
members of the LDL-receptor
family through the secretory
pathway [15]. Doubtless, many
other ‘membrane chaperones’
await discovery, both in the ER
and in other membrane systems.
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Imagine walking through a
complicated cave system in the
dark to reach an underground lake,
guided only by a rope left by
previous explorers. You trip and let
go of the rope. When you manage
to find the rope again, how can you
be sure that you are facing in the
same direction as before? Ants of
many species can encounter
similar problems when following
pheromone trails between their
nest and foraging area, should they
mistakenly wander away from the
trail, or should the trail have small
gaps. Lengths of trail, like rope,
carry no obvious directional
labels [1]. One solution to the ant’s
problem, though correct, no longer
seems exciting: ants can know
their direction of travel along a trail
from external compass cues, such
as the sun or the Earth’s magnetic
field. Jackson et al. [2] have
recently given this problem new
interest. They have discovered that
Pharaoh’s ants can use a subtle
and unexpected cue to monitor
their direction of travel.
Suppose that the guide rope
consists of short lengths knotted
together with the ends tied so that
both ends of each knot point in the
same direction along the rope. If all
the lengths are tied the same way,
then each knot gives a directional
signal, which you could use to
check your direction along the
rope. Jackson et al. [2] point out
that a geometrical cue of this sort
is inherent in the tree-like geometry
of an ant’s trail. A path rooted in
the nest divides in a sequence of Y
junctions. An ant has no need of a
bird’s eye view of the resulting
dendritic structure to deduce its
heading within the tree, as the
polarity of the trail is to be seen at
almost every fork (Figure 1). The
angle between each arm and the
trunk (~150°) is usually more than
twice as large as the angle
between the arms (just less than
60°). If an ant can measure, or
merely distinguish, these angles,
the fork can serve as a signpost
pointing homewards or foodwards.
In Pharaoh’s ants, a trail
network typically extends for 10 m
from the nest. The trail is shorter if
food is very abundant around the
nest and longer when food is
scarce there. The record trail
length for this tiny, 2 mm ant is an
impressive 50 metres.
An outgoing forager, reaching a
fork from the trunk of the Y, has a
choice between two arms, both of
Ant Navigation: Reading 
Geometrical Signposts
Ants often travel along complex pheromone trail systems between
their nest and foraging areas. A new and surprising discovery is that
Pharaoh’s ants can work out from the geometry of individual branch
points on the trail whether they are heading towards or away from the
nest.
